To reveal the regularities of structural engineering of vacuum-arc coatings based on chromium and its nitrides, the influence of the main physicotechnological factors (the pressure of the nitrogen atmosphere and the bias potential) in the formation of coatings was studied. It was discovered that during the deposition of chromium coatings the formation of the texture axis [100], as well as the macrodeformation of compression is happening. The supply of a high-voltage negative pulse potential to the substrate increases the mobility of the deposited atoms and leads to relaxation of the compression deformation. As the pressure increases from 210 -5 Torr to 4.810 -3 Torr, the phase composition of the coatings changes: Cr (JCPDS 06-0694) → Cr2N(JCPDS 35-0803) → CrN(JCPDS 11-0065). The supply of high-voltage pulses leads to the formation of a texture of crystallites with parallel growth surfaces planes having d ≈ 0.14 nm. The structure obtained by pulsed high-voltage action makes it possible to increase the hardness of the coating to 32 GPa and reduce the friction coefficient to 0.32 in the "chromium nitride-steel" system and to 0.11 in the "chromium nitride-diamond" system.
INTRODUCTION
It is known that an increase of the ionic component in the flow of deposited particles leads to a significant change in the structure and properties of the coatings obtained [1] . It was found that the functional characteristics of the coatings depend significantly on the phase composition [2] , the structure of the coatings [3] , the degree of texturization [4] , and the stress-strain state [5] . The use of nitrogen ions as charged particles made it possible to form coatings of nitrides, the performance characteristics of which significantly exceeded the analogous properties of metals [6] .
Coatings based on chromium nitride are of interest, both for basic research and for applied use, taking into account the high functional properties in nitride chromium. Thus, CrN coatings is one of the widely used as protective in such areas as automotive, aerospace industry [7] , for die and mould, mechanical components, and artificial joints to increase their service life due to their excellent oxidation resistance, corrosion resistance, low friction coefficient, and high wear resistance [8] [9] [10] [11] [12] .
At this point, the properties of Cr-N coatings depend in a determined manner on their structure, and, consequently, on the method for their preparation.
Most practical applications have found methods of DC magnetron sputtering [11] , high power pulse magnetron sputtering [13] and cathodic vacuum arc [14] . With these technological methods, the formation of coatings occurs under very nonequilibrium conditions, which greatly expands the concentration and temperature regions of existence of phases with a cubic lattice [15] . For chromium nitride, such a stable phase in a wide concentration range is the CrN phase of the structural type of NaCl [16, 17] . Although according to the data given in [18] , the energies for the formation of Cr2N and CrN phases differ slightly: -122.88 kJ/mol and -123.98 kJ/mol (at 400 С and constant nitrogen pressure). In addition, chromium has a significantly lower affinity for nitrogen than, for example, titanium. In this regard, the phase composition of the obtained chromium nitride is very sensitive to the physical and technological conditions of deposition.
Therefore, the aim of this work was to study the influence of the basic physical and technological parameters (the pressure of the nitrogen atmosphere and the bias potential) under the vacuum arc method of obtaining coatings on the phase composition, structure, and physicomechanical properties of coatings based on chromium and its nitrides.
EXPERIMENTAL DETAILS
The coatings were deposited in the modernized vacuum-arc unit "Bulat-6" [1] . Cr was used as the cathode material with a purity of 99.95 %. The active gas is nitrogen (99.9 %). To obtain chromium coatings, the pressure in the vacuum chamber did not exceed 210 -5 Torr during deposition, and when the coatings of chromium nitride were deposited, the pressure of the nitrogen atmosphere was PN  (3.510 -4 …4.810 -3 ) Torr. During deposition, a constant negative potential was applied to the substrate with a value of Ub  -30, -60, -110 and -170 V. In order to avoid overheating of the substrate and a substantial increase in the mobility of atoms in deposition [19] , a high potential UHVP with an amplitude of 2 kV in a pulsed mode with a frequency of 7 kHz and a duration of 10 s (corresponding to ~ 7 % of the total application time) was applied. The duration of the deposition process was 1 to 2 hours. The plates were used as substrates and were made of stainless steel 12X18N10T with dimensions 18  18  2 mm and copper foils.
The phase composition, structure, and substructural characteristics were studied by the X-ray diffractometry (DRON-4) using Cu-K radiation. To monochromatize the detected radiation, a graphite monochromator was used, which was installed in a secondary beam (in front of the detector). The phase composition, structure, and substructure characteristics were studied using traditional x-ray diffractometry techniques by analyzing the position, intensity, and shape of the diffraction reflection profiles. To decode the diffractograms, the tables of the international diffraction data center Powder Diffraction File were used.
Microindentation was carried out at the «Micron-gamma» unit with a load up to F  0.5 N with a Berkovich diamond pyramid with an angle of sharpening 65°, with automatic loading and unloading for 30 seconds [20] . The study of the wear resistance characteristics was carried out on the «Micron-friction» device by rotating a diamond indenter with a radius of curvature of approximately 500 m along the coating circle. In the automatic mode, the load level (P) and the frictional force between the diamond surface and the coating (F) were recorded. The friction coefficient (f) was determined as a result of the ratio of the frictional force to the load.
RESULTS AND THEIR DISCUSSION
Let us consider the results of the influence of two main parameters responsible for the energy state of the deposited particles (negative bias potential in a constant and high-voltage pulse forms) on the structuralphase changes in the coatings obtained by vacuum-arc evaporation of pure chromium in high vacuum (at a pressure of 210 -5 Torr). The deposited in such way coatings are effectively used for protection of bearings of heavy-loaded elements of gas turbine aggregates and other elements [21] .
In the way of revealed regularity by the analysis of the diffraction spectra of the coatings (Fig. 1) , it can be noted that at a pressure of 210 -5 Torr for the entire Ub interval, the single-phase state of Cr with the volumecentered, bcc, crystal lattice (JCPDS 06-0694) is formed. All coatings are strongly textured with the axial texture axis [100] . With the greatest displacement potentials, the formation of the second texture axis [110] is revealed and thus the formation of a biaxial state (Fig. 1 a, b, spectrum 1) . The period of the lattice of coatings obtained at low Ub was close to the tabulated 0.2883 nm, and at a large Ub it increased to 0.2886 nm. In a single-element and single-phase material, the cause of such a change can be the formation of a stress-strain compression state [5] . Evaluation of the macrodeformation gives a compression value of -0.43 %. It should be noted that, along with Ub, the supply of a high-voltage bias potential in pulse form (amplitude 2 kV, duration 10 s, which is 7 % of the time from the total exposure time) does not qualitatively change the general form of the spectra. However, there is no increase in the period for large Ub in this case. The results obtained show that as a result of high-voltage pulse action (this leads to an increase in energy and the formation of cascades in the deposition of particles), the mobility of the particles increases, which leads to relaxation of compression deformation. In this case, as was established by analyzing the width of the diffraction profiles [3] , the crystallite size in the coatings with increasing Ub tends to increase to Ub  -110 V (without UHVP feed) with a further drop to an average size of about 30 nm at the largest Ub  -170 V (Fig. 2,  spectrum 1) . At small Ub, under the conditions of UHVP action, the average crystallites size is much larger (up to 38 nm), which may be due to greater mobility of the atoms deposited under the action of UHVP. With increasing pressure (PN), nitride phases are formed. At PN  3.510 -4 Torr, the main nitride phase is -Cr2N (JCPDS 35-0803) with a hexagonal type of crystal lattice (Fig. 3) . With increasing Ub, a texture of the crystallites with a texture plane (111) is formed ( Fig. 1, a, b , spectrum 2). Comparison of the diffraction spectra for different PN coatings obtained under the action of a large Ub  -110 V without and with UHVP ( Figure 4) showed that at the lowest pressure (3.5·10 -4 Torr) a two-phase state forms. The crystallites of the phases are textured with the most densely packed planes parallel to the growth plane: (110) Cr and (111) -Cr2N (Fig. 4a) . Note that the UHVP supply additionally stimulates the formation of (300) -Cr2N texture with a characteristic interplanar spacing of 0.14 nm (spectrum 2 in Fig. 4a ). When the pressure is raised to 7.5·10 -4 Torr, the texture with the plane (300) -Cr2N becomes the main one, and the coatings are formed practically in a singlephase state. When the pressure is increased to 1.8·10 -3 Torr (Fig. 4c) , the already almost single-phase state is formed on the basis of the CrN phase with the cubic lattice and with the texture plane (220). It is interesting to note that the interplanar distance parallel to the plane of the surface is also about 0.14 nm. At the maximum pressure of 4.8·10 -3 Torr (Fig. 4d) , under the action of UHVP, the texture (220) is amplified (spectrum 2), and without UHVP supply, coatings are formed with the standard texture (111) for FCC lattice at these pressures [4] . The most universal characteristic that determines the mechanical properties of the coating is hardness. The results of microindentation of chromium nitride coatings obtained at different PN are given in Table 1 . It can be seen that the use of the pulse potential UHVP leads (at comparable production conditions) to a significant increase in hardness. The highest values of hardness are inherent in coatings obtained in the interval PN  (7.5·10 -4 …1.8·10 -3 ) Torr.
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It should also be noted that for the hardest coatings, the ratio H/E* ≈ 0.11 (H is hardness, Е* is the reduced elastic modulus, Table 1 The second important mechanical characteristic that determines the performance of the coating is its wear resistance. As a rule, coatings with the greatest possible hardness, adhesion and minimum friction coefficient have the smallest wear [22] . Thus, one of the indicators of wear resistance is the friction coefficient. To determine it, the method of rotation of the loaded indenter was used in the work. Figure 5 shows the surface photographs and the 3D profile of the groove and the friction surface.
Tribological tests were carried out for two types of pairs "chromium nitride -steel ShKh" and "chromium nitride -diamond". Figure 6 shows the results of such tests, made depending on the hardness of the coatings. It can be seen that, for chromium-based nitride coatings, there is a tendency to reduce the friction coefficient with increasing stiffness in pairing with steel ShKh (Fig. 6, curve 1) and stability of the friction coefficient in pair with diamond (Fig. 6, curve 2) . In absolute magnitude, in the first case, the friction coefficient is 0.32, and in the second, about 0.12. The obtained test results are quite predictable. The low friction coefficient in the case of a pair of "chromium nitride -diamond" is determined by the possibility of forming on the contacting surfaces of the carbon layer (serves as a solid lubricant). In the case of a pair of "chromium nitride -steel ShKh", such a lubricant is not formed, the friction meets the rigid conditions of solid-state contact.
CONCLUSIONS
Thus, the X-ray structural analysis of coatings in combination with the study of tribological characteristics (tribology can be defined as the science of surface layers strength of solid materials with their relative displacement) showed that in the hardest and most wear-resistant coatings of chromium nitride (with the lowest friction coefficient) CrN crystallites with plane orientation (220) are parallel to the working surface.
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